Spectrally encoded confocal microscopy and optical frequency domain imaging are two noncontact optical imaging technologies that provide images of tissue cellular and architectural morphology, which are both used for histopathological diagnosis. Although spectrally encoded confocal microscopy has better transverse resolution than optical frequency domain imaging, optical frequency domain imaging can penetrate deeper into tissues, which potentially enables the visualization of different morphologic features. We have developed a co-registered spectrally encoded confocal microscopy and optical frequency domain imaging system and have obtained preliminary images from human oesophageal biopsy samples to compare the capabilities of these imaging techniques for diagnosing oesophageal pathology.
Introduction
In vivo microscopic optical imaging methods hold considerable promise for non-excisional histopathological diagnosis. Two techniques, reflectance confocal microscopy (RCM) and optical coherence tomography (OCT) are particularly well suited for non-invasive microscopy in patients as they are capable of allowing the visualization of microscopic structure without tissue contact and do not require the administration of exogenous contrast agents. OCT and RCM reject or ignore multiply scattered light from tissue and detect the singly backscattered photons that contain microstructural information. Each technique rejects multiply scattered light in a different way: OCT utilizes coherence gating and RCM employs confocal selection of light reflected from tissue illuminated by a tightly focused beam. OCT provides cross-sectional images with typical resolutions of 30 (H) × 30 (W) × 10 µm (D) and a penetration depth that ranges from 1 to 3 mm, depending on tissue type. RCM obtains transverse or en face images with typical resolutions of 1 (H) × 1 (W) × 6 µm (D) and a penetration depth that ranges from 100 to 300 µm.Based on these features of the two imaging modalities, it is generally accepted that they offer different information: RCM provides transverse subcellular detail and OCT provides cross-sectional architectural morphology; information from these two resolution regimes is critical for histopathological diagnosis.
Recently developed RCM technology termed spectrally encoded confocal microscopy(SECM)and a second-generation OCT technology called optical frequency domain imaging (OFDI -also known as swept source OCT) have the advantages that they can be utilized to conduct high speed imaging over large fields endoscopically. SECM is a wavelength-division multiplexed confocal approach that uses a broadband or wavelengthswept light source and a diffraction grating to encode one dimension of spatial information in the optical spectrum (Tearney et al., 1998; Boudoux et al., 2005) . OFDI utilizes a rapid wavelength-swept laser to generate spectral interference that, once detected, is Fourier transformed to form an image (Choma et al., 2003; Yun et al., 2003) . In this paper, we describe the development of a multi-modal imaging system that creates co-registered threedimensional images for each of SECM and OFDI imaging modalities. Preliminary images of human oesophageal biopsy samples were obtained by the imaging system to evaluate capabilities of these imaging techniques for diagnosing oesophageal pathology.
Methods
A schematic image of the co-registered SECM and OFDI system is illustrated in Fig. 1 .For SECM, light from a wavelength-swept source (centre wavelength = 1320 nm; bandwidth = 70 nm; instantaneous linewidth < 0.1nm; repetition rate = 5 kHz) (Boudoux et al., 2005) was transmitted through a 50/50 beam splitter and diffracted by a holographic transmission grating (groove density=1100lines/mm).The diffracted light was relayed by telescope optics (magnification = 2.4) onto an objective lens [numerical aperture (NA)=0.9w; f =5.3 mm]. In order to simulate the NA that we may be able to achieve in a centred oesophageal probe, the aperture of the objective lens was under-filled to achieve an effective NA of 0.7. The power on the sample was measured to be 5.4 mW. The reflected light from the sample returned back to the beam splitter, where it was reflected towards a detection fibre. In order to reduce laser speckle in the SECM image, the core of a multi-mode fibre (core diameter = 62.5 µm) was employed as the detection aperture (Boudoux, 2007) . The image of the detection aperture at the sample plane had a diameter of 5.5 µm. The electric signal from the detector was sampled at a rate of 5 Ms s −1 , with a 12-bit depth, and 700 pixels were digitized for each line. The objective lens was scanned along the axial direction by a piezoelectric transducer actuator to obtain confocal optical sections at different depths in the tissue.
An additional wavelength-swept source (centre wavelength = 1320 nm; bandwidth = 143 nm; instantaneous linewidth = 0.16 nm; repetition rate = 40 kHz) was used for the OFDI system, which has been described in detail in prior publications (Yun et al., 2003 (Yun et al., , 2004 (Yun et al., , 2006 . One dimension of the image was obtained by using a mirror mounted on a galvanometer, which scanned the sample arm beam. Relay optics (magnification = 0.5) was used to project the aperture of the scanner onto the back focal aperture of the objective lens and collimate the beam entering the objective lens. The back focal aperture was under-filled to provide an effective NA of 0.064. The power on the sample was measured to be 54 mW. The system utilized two detectors for polarization diversity; each detected signal was digitized at a rate of 80 Ms s −1 , with a 14-bit depth. There were 2048 samples per A-line for each detector channel.
SECM and OFDI modalities were selected by using a switchable fold mirror. The fold mirror was switched out when SECM was used and switched in when OFDI was in use. The same objective lens was used for both of the imaging modalities, which made it possible to precisely co-register SECM and OFDI images. Two perpendicular translational stages were used to scan a large area on the sample.
In order to demonstrate the co-registered imaging system, biopsy samples taken from patients undergoing routine oesophagogastroduodenoscopy were imaged fresh, immediately after removal from the patient. The biopsy samples were imaged through a BK7 cover slip and immersed in phosphate buffered saline. For SECM, entire biopsy samples were imaged at 15 different focal planes spaced by 10 µm. The same regions were imaged by OFDI. Following imaging, the samples were processed for routine paraffin-embedded histology, sectioned and stained with haematoxylin and eosin. The study protocol was approved by the Partners Internal Review Board (IRB #2007P000656). A total of 14 biopsy samples have been imaged to date.
Results and discussion
The transverse resolution of the multimodality system was measured by imaging a 1951 USAF resolution target (Fig. 2) . For SECM, the full width-half-maximum (FWHM) of the line spread function were measured to be 2.3 ± 0.12 µm and 1.8 ± 0.15 µm along the spectrally encoded direction and the direction perpendicular to the spectrally encoded line, respectively. The transverse line spread FWHM was larger along the spectrally encoded direction due to the finite width of the instantaneous spectrum of the wavelength-swept source and the limited bandwidth of the photodetector. The transverse resolution of OFDI (FWHM of the line spread function) was measured to be 11.4 ± 1.5 µm. The axial resolution of SECM was measured by scanning a mirror along the axial direction. The measured FWHM of the axial plane response function was 9.7 ± 0.44 µm. For OFDI, the axial plane response, measured using an A-scan of a mirror, was 8.4 ± 0.1 µm in air. Figure 3 shows one of the data sets from this biopsy study. For this case, the biopsy sample was taken from a patient with the history of Barrett's oesophagus with high-grade dysplasia and treatment with photodynamic therapy. Low-magnification en face images of SECM ( Fig. 3a) and OFDI (Fig. 3b ) distinguish gastric cardia-type mucosa (G) from normal squamous mucosa (S). Registration error between the SECM and OFDI en face images was measured by calculating the location of the maximum of the two-dimensional crosscorrelation of the two images. Registration error was measured to be 50 and 65 µm or 1.0% and 2.3% of the field of view along the x-and y-axes, respectively. When the images were compensated post hoc for the registration error ( Fig. 3a and b) , they showed good spatial correspondence. The magnified SECM image (Fig. 3c ) of the junctional region marked by a white box in Fig. 3(a) demonstrates squamous cells with occasionally visible nuclei (arrowheads) from columnar cells (solid arrows), with cellular features that are similar to those shown in high-magnification histopathology image (Fig. 3h) , whereas these features are not as well appreciated by the corresponding OFDI image (Fig. 3d ).
Low-magnification cross-sectional images of SECM ( Fig. 3e) and OFDI (Fig. 3f) , obtained along the dotted lines in Fig. 3(a) and (b) , respectively, also showed differences between gastric cardia-type mucosa (G) and normal squamous mucosa (S), including the presence of gastric pits. Unlike the en face SECM image, cellular details were not well observed in the cross-sectional SECM image due to its poorer resolution along the axial direction than the transverse direction. We set the maximum number of SECM axial scans as 15, which kept the imaging time less than 20 min, which was required to preserve the sample for subsequent histological processing. As a result, the ranging depth for SECM was limited to 150 µm making a thorough comparison of cross-sectional images difficult. Haematoxylin and eosin stained histopathology ( Fig. 3g and h) confirmed that the sample is composed of squamous mucosa (~25%) and cardia-type mucosa (~75%).
In this paper, we have demonstrated a co-registered SECM and OFDI system capable of providing images with two different resolution scales and display formats. Preliminary images demonstrated good spatial correspondence between the two imaging modalities. Although both SECM and OFDI visualized architectural features of oesophageal biopsy samples, cellular features were better appreciated in SECM than in OFDI. Whether these additional cellular features visualized in SECM provide better diagnostic accuracy than OFDI needs further study, which can be effectively conducted by the co-registered imaging system.
We have furthermore learned that co-registered images provide us with an opportunity to verify and possibly understand OFDI diagnostic criteria better. For instance, one of the diagnostic criteria for gastric cardia (which is important to distinguish from Barrett's oesophagus, also commonly termed specialized intestinal metaplasia) is a highly reflective line at the mucosal surface (red dashed arrows in Fig. 3b, d and f) (Evans et al., 2006 (Evans et al., , 2007 . This highly reflective signal was also observed at the apical aspect of cells in SECM (red dashed arrows in Fig. 3a, c and e ), confirming that the surface of cardia epithelial cells is indeed scattering differently and that this effect is not an artefact seen on OFDI. The highmagnification SECM en face image (Fig. 3c ) revealed that the origin of this strong reflection (red dashed arrow) is not cell nuclei (white arrows) -information that might be difficult to extract from the OFDI image alone. We anticipate that we will be able to confirm and/or verify other features commonly seen by OFDI in a similar manner.
In this study, it was difficult to achieve high degree of spatial correspondence between the images obtained by the multimodality system and the histopathology images. This registration inaccuracy was primarily caused by loss of tissue orientation during the fixation and sectioning process for histopathology. Better registration can be achieved by threedimensional histology of the biopsy specimen (Boag et al., 2001) . The three-dimensional data set can then be re-sliced digitally to generate two-dimensional histopathology images that have a similar orientation and location to the SECM and OFDI images.
Similar to the OFDI probe, comprehensive imaging of distal oesophagus will be conducted by helically scanning the SECM probe through a balloon-centring catheter (Suter et al., 2008) . We have previously demonstrated high-speed microscopic imaging over large luminal areas with a bench-top SECM probe (Yelin et al., 2007) . Remaining challenges include integrating an axial scanning mechanism for the objective lens and conducting adaptive focusing to compensate for the patient movement and tissue surface irregularities. Another SECM probe that utilizes active feedback derived from an optical signal emanating from the tissue surface and a miniature piezoelectric transducer actuator to control the focal location is presently under development.
Finally, the accuracy of SECM for diagnosis of relevant oesophageal pathology is unknown. We intend to use the device described here in a larger biopsy study to compare the diagnostic accuracy of each modality. This information will be critical for determining the next appropriate steps for the development of this technology. Schematic of co-registered SECM and OFDI system. BS, beam splitter; CL, collimation lens; SMF, single-mode fibre; MMF, multi-mode fibre; OL, objective lens; PZT, piezoelectric transducer. Images of a 1951 USAF resolution target obtained by SECM (a) and OFDI (b).
Fig. 3.
Images of human oesophageal biopsy sample showing the gastroesophageal junction. Lowmagnification en face images of SECM (a) and OFDI (b). High-magnification en face images of SECM (c) and OFDI (d). Low-magnification cross-sectional images of SECM (e) and OFDI (f). Haematoxylin and eosin stained histology in low-(g) and high-(h) magnifications. S, squamous mucosa; G, gastric cardia-type mucosa; C, columnar cells; red dashed arrow, highly reflecting surface of cardia-type mucosa; arrowhead, nuclei in squamous cells; solid arrow, columnar cells. Scale bars in (a), (b), (e), (f) and (g) represent 500 µm. Scale bars in (c), (d) and (h) represent 100 µm.
